Nucleotide sequencing of RNA segment 5 from seven strains of group A rotavirus has been carried out to investigate the extent of diversity and conservation, as well as possible selective pressures involved in driving the fixation of sequence changes in this gene. Analyses of the derived sequences revealed that sequence conservation could not be correlated either with rotavirus serotype or the species of origin of the virus strain. These sequences together with other published and unpublished sequences of this gene have raised the total number available for comparison to 17. Alignment of all the available sequences revealed that only 88 amino acid positions (17.6%) in the protein encoded by gene 5 (VP5) are absolutely conserved but that the metalbinding motif reported by others is conserved in all sequences. Despite the high degree of sequence divergence, alignment of secondary structure predictions for VP5 showed a high level of conservation, suggesting that constraints on sequence divergence may operate at the level of overall higher-order structure of the encoded protein.
Introduction
Rotaviruses constitute a genus within the virus family Reoviridae and they therefore have a genome composed of discrete segments of dsRNA (Estes & Cohen, 1989) . Studies on these viruses have been stimulated by the fact that they are the predominant cause of acute viral gastroenteritis in the young of a wide range of birds and mammals including humans and all the major species of domestic livestock (Flewett & Woode, 1978; Holmes, 1983 ). Consequently they are major medical and ~eterinary pathogens for which completely effective vaccines are urgently required. The fastidious requirements that these viruses have for growth in tissue cui:ure has prompted many groups to pursue a recombinant DNabased approach to the development of such vaccines (McCrae & McCorquodale, 1987; Andrew et at., 1992) . This in turn has led to efforts to maximize our t Deceased.
The new rotavirus gene 5 sequences appearing in this paper have been deposited with the EMBL sequence database and given the following accession numbers: Z12105 (bovine strain B223), Z12106 (human strain Hochi), Z12107 (porcine strain OSU), Z12108 (bovine strain UKtc), Z32534 (human strain St 3), Z32535 (simian strain RRV), Z32552 (human strain 69M).
understanding at the molecular level of the virus replication cycle and the role that various viral gene products play in it. Part of this effort has involved the isolation and sequencing of cDNA clones of individual viral RNA species (McCrae & McCorquodale, 1982b; Both et at., 1982; Xu et at., 1990) . For genes such as those encoding the virion structural proteins VP4 and VP7, which elicit neutralizing antibody, comparative sequencing of the genes from virus strains or different serotypes has been used to identify regions of variable sequence that are likely to be of epidemiological significance (Estes & Cohen, 1989) . In other cases, DNA sequencing of viral genes has been employed in conjunction with comparative database searching to attempt to ascribe a biological function to a particular gene product.
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. (Patton, 1986; Patton & Gallegos, 1988; Gallegos & Patton, 1989 ), suggesting that it is probably involved in early events in the replicative process. It can be speculated that any such role of VP5 in the early events of virus replication might involve its interaction with species-specific host cell proteins and that evolution to maximize the quality of any such interactions could provide the selective pressure driving sequence divergence in gene 5. VP5 may be involved in the selection of the correct complement of RNA segments for incorporation into progeny virions. Consistent with this possibility, when the first gene 5 sequence was determined it was found to contain two potential zinc finger regions which in other genes are known to be involved in nucleic acid-binding (Bremont et al., 1987) . Also, when the gene was subsequently expressed using a recombinant baculovirus, VP5 was found to possess both zinc-and RNAbinding activity (Brottier et al., 1992) . The first gene 5 sequence determined came from the bovine RF strain of rotavirus and, consistent with this gene encoding a nonstructural protein, the corresponding gene sequence from the UKtc bovine strain showed a very high level of sequence conservation (Y. Tian & M. McCrae, unpublished observation) . It was therefore a considerable surprise when the gene 5 sequence from the simian rotavirus SAll strain revealed a very high level of sequence divergence (Mitchell & Both, 1990) . Despite the conservation of the generalized metal-binding domain found between amino acids 37 and 81, the overall level of homology was only in the region of 50% at the nucleotide level and less than 40 % at the amino acid level (Mitchell & Both, 1990) . This surprisingly high level of sequence divergence greatly exceeded that found for all other rotavirus genes, including those encoding the neutralization antigens of the virion, which are generally found to exhibit the highest levels of sequence diversity due to the selective pressure of the host's immune response. In an attempt to define more clearly the extent of sequence conservation and divergence in gene 5 we have extended our analysis to include seven additional virus isolates.
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Methods
Virus strains and propagation. The following strains of virus were used in this study. The UKtc (G serotype 6) and B223 (G10) strains of bovine rotavirus; the St 3 (St Thomas 3; G4), Hochi (G4) and 69M (G8) strains of human rotavirus; the rhesus rotavirus (RRV) strain (G3) of simian virus and the OSU strain (G5) of porcine rotavirus. In all cases virus stocks were propagated at low m.o.i, in the BSC-I line of African green monkey kidney cells as previously described (McCrae & Faulkner-Valle, 1981) . eDNA cloning. The sequence of the UKtc gene was determined using eDNA clones. These were generated using the original cloning strategy developed for use on dsRNAs (McCrae & McCorquodale, 1982a) .
PCR amplification and DNA sequencing. Sequence determination for gene 5 of the B223, St 3, Hochi, 69M, RRV and OSU strains was done by direct sequencing of PCR-amplified DNA. Full length eDNA was generated from viral RNA extracted from infected cells in a combined reverse transcription PCR amplification carried out using terminal oligonucleotide primers as previously described (Xu et al., 1990) . The sequences of the primers used were taken from the sequence of the UKtc virus strain and were as follows: 5'-terminal primer, CCCGGGA-TCCATGGCCGGCTTTTTTTATGA; 3'-terminal primer, CGATC-GCGAATTCTGCAGGTCACATTTTAT. Sequencing of the amplified DNA was carried out as described previously (Xu et al., 1991) using the two terminal primers to establish the sequence of the near terminal region. Then, using the determined sequence as a basis, further appropriately spaced sequencing primers were synthesized and used to extend and complete the sequence. Both DNA strands were completely sequenced and all primer positions were sequenced through. It should be noted that one disadvantage of the strategy employed is that it dictates that the 5'-terminal 18 nucleotides and 3'-terminal 13 nucleotides of each virus strain will have the sequence of the primers used for PCR (underlined above) and so possible sequence divergence in these small regions will not be revealed. However previous studies (McCrae & McCorquodale, 1983; Clarke & McCrae, 1983) have shown that these regions show little or no sequence variation within group A rotaviruses.
Computing. Computer analysis of the sequence information was carried out using the University of Wisconsin Genetics Computer Group (GCG) analysis package (Devereux et al., 1984) and on the suite of programs available on the SEQNET facility at Daresbury, U.K.
Results
Sequence of gene 5from the UKtc bovine rotavirus strain
Sequencing of this gene was carried out on two independent eDNA clones isolated as described in Methods and was completed shortly before the publication of the gene 5 sequence from the RF strain of bovine rotavirus (Bremont et al., 1987) . The sequence (data not shown) was 1579 nucleotides in length and contained a single long open reading frame extending from nucleotide 32 to 1505, giving a protein (VP5) of 491 amino acids (Fig. 1) . Comparison of the UKtc sequence with that of the RF strain revealed a very high level of sequence conservation of 88.7 % at the nucleotide level and 95.5 % at the amino acid level (Fig. 1) . This high level of sequence conservation is entirely consistent with the bulk of the experimental evidence, which indicates or others and have the following accession numbers: M22308 (rotavirus RF strain), Z12108 (UKtc), Z12105 (B223), Z32552 (69M), L18945 (DS1), L29183 (4F), L29185 (4S), Z12106 (Hochi), L18943 (Wa), X59297 (IGV803), Z12107 (OSU), Z32534 (St 3), U08423 (EHP), U08428 (EW), X14914 (SA1 I), L18944 (SAI 1P), Z32535 (RRV). 88"7 74 65"8 65"9 66"8 66"9 65"7 64"8 64"6 65"6 66 52"3 52"3 51"7 52"4 52"8 UKtc 95'5 100
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* The values given were obtained using the GAP program of the GCG software package.
that the protein product of gene 5 is a non-structural protein.
Conservation of gene 5 sequence according to species of origin?
The publication of the gene 5 sequence from the simian virus strain SA11 (Mitchell & Both, 1990 ) revealed a very high level of sequence divergence from the bovine sequences (approximately 50% conservation at the nucleotide level and 39 % at the amino acid level; Table  1 ). If the protein product of gene 5 is indeed a nonstructural protein then it is difficult to see how selective pressure from the host's immune system could have provided the selective force to drive such high levels of sequence divergence, particularly when the major neutralization antigen (VP7) of these viruses only diverge to the extent of 16% at the amino acid level (i.e. 84% conservation). Owing to the involvement of VP5 in the replication cycle (see above) it would be expected that viruses originating from the same host species would have very similar gene 5 sequences, as is the case for the bovine UKtc and RF strains. To test this hypothesis the gene 5 sequences from a number of virus strains isolated from different species were determined. These were those of a second simian RRV strain, the human strains 69M, Hochi and St 3, the porcine strain OSU and finally a third bovine strain B223. A variety of pairwise comparisons could be made from these data but it was clear that viruses originating in different species, such as the porcine rotavirus strain OSU and human strain St 3, could show a level of conservation similar to that exhibited by the two bovine strains RF and UKtc ( Fig.  1 and Table 1 ). By contrast, two virus isolates from the same species, SAIl and RRV, exhibited amongst the highest levels of sequence divergence ( Fig. 1 and Table  1 ). These two comparisons also demonstrated that the sequence of gene 5 and hence its protein product could not be correlated with virus G serotype since the two simian rotaviruses are both members of G3 whereas the porcine OSU strain and the human St 3 strains belong to G5 and G4, respectively.
Overall sequence diversity in gene 5 and VP5 of group A rotaviruses
During the course of this study, Hua and coworkers published three new gene 5 sequences, those from the human Wa and DS1 strains and that from their laboratory variant of the simian rotavirus SA11 (Hua et aL, 1993) . These sequences together with the two published earlier, two porcine rotavirus sequences available to us from another study (Burke et al., 1994) and three unpublished sequences that have been submitted to the DNA databases, when added to the seven new sequences presented here, raised the number of full length group A rotavirus gene 5 sequences available for comparison to 17. Simple pairwise comparison of the sequences at the nucleotide and amino acid level revealed a wide range of diversity (Table 1) . Thus, at the nucleotide level conservation ranged from as high as 99.9 % (porcine isolates 4F and 4S) to as low as 51.7 % (bovine strain RF and simian strain SA11) whereas at the amino acid level the range was 100 % (porcine isolates 4F and 4S) down to 34-3 % (human strain Wa and simian strain SA 11P). The Pileup algorithm of the GCG sequence analysis package was used to construct a multiple sequence Switzerland) . The values given next to the lines indicate PAM distances between branch points on the tree. This is a measure of phylogenetic distance between the virus isolates.
alignment of the protein products of the different gene 5 sequences to allow analysis of the nature and distribution of their conserved features. This alignment (Fig. 1 ) revealed that 88 amino acid positions (17.6%) were absolutely conserved including cysteines at residues 8, 44, 47, 48, 56, 59, 65, 68, 74, 327 and 330, and prolines at positions 80, 109, 142, 174, 201,310, 403,436 and 465 in the alignment. The conserved metal-binding motif noted by others (Bremont et al., 1987; Mitchell & Both, 1990; Hua et al., 1993) is also evident. In this larger data set it extended from position 39 in the alignment to position 83 and showed 59% absolute sequence conservation including six cysteines, a histidine (63) and a proline (80). In order to view the distribution of the conservation the Plotsimilarity algorithm of the GCG analysis package was used to give a graphical display of the extent of conservation along the protein chain (Fig. 2) . This revealed that overall the amino-terminal half of the protein shows a much higher level of similarity than the carboxy-terminal half (Fig. 2) . This is a reflection of the fact that 71 of the 88 absolutely conserved positions fall in the amino-terminal half of the protein. Despite the carboxy-terminal portion of the protein showing much lower levels of similarity, three peaks covering regions of greater than 50% similarity are evident, indicating regions that may be of functional importance (Fig. 2) . The data shown in Fig. 1 were also used to construct an unrooted phylogenic tree to give an indication of the phylogenetic relationships between the various VP5 sequences. The result revealed several layers of phylogenetic division, the first of which produced two groups; one containing the simian and murine rotavirus isolates and the second containing everything else (Fig. 3) .
Within the division containing the human, bovine and porcine isolates further subdivisions were evident. Thus for example the human Wa and Hochi isolates, which fall into serotypes G1 and G4, respectively, are phylogenetically closer than Hochi and St 3 which are both of serotype G4; also the human St 3 isolate is phylogenetically closer to the porcine OSU isolate than it is to other human virus strains (Fig. 3) . The high level of proline conservation seen in Fig. 1 suggested that despite extensive sequence divergence at the primary sequence level, particularly in the carboxyterminal half of the protein, there might be more extensive conservation at the structural level. This possibility was investigated using the algorithm developed by Rost and coworkers (Rost & Sander, 1993; Rost et al., 1994) to obtain a predicted secondary structure for each of the 17 VP5 sequences available. These were then aligned using the Pileup algorithm from the GCG package. The results (Fig. 4) confirmed that despite the extensive changes at the primary sequence level there was a remarkably high level of conservation in 
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Discussion
This study has confirmed and greatly expanded earlier reports on sequence analysis of gene 5 from the group A rotaviruses (Pedley et aL, 1983; Bremont et al., 1987; Mitchell & Both, 1990; Hua et al., 1993) . The picture that has emerged is one of a protein which overall shows a higher level of sequence divergence than any other rotavirus gene, including those encoding the neutralization antigens, which generally would be expected to exhibit the highest level of variation as a result of the selective pressure exerted by the host's immune system. Thus, for example, in comparing the VP5 sequences of the bovine UKtc (G6) and B223 ((310) strains the two proteins diverge by 29-5% (Table 1) whereas the corresponding VP7 sequences only show a difference of 17'7% at the amino acid level (Xu et al., 1991) . Whilst the apparent absence of error repair systems in the activities of RNA-dependent RNA polymerases would provide a mechanism for generating high levels of mutational change within rotavirus genes, some selective pressure is needed to cause the fixation of such changes in virus populations. From the limited dataset available to them, Hua et al. (1993) concluded that the only variable that appeared to correlate with VP5 sequence was the (3 serotype of the virus, leading them to speculate that variation within the two proteins may be linked as the result of some undefined interaction between them. This speculative idea was an attractive one as it provided a selective force, the humoral arm of the immune system, that could account for the fixation of changes in a virus gene encoding a non-structural protein. However, the expanded dataset reported here does not support this idea. Thus, for example, the human rotavirus strain Hochi (G4) shows a considerably higher level of conservation (95.9 %) with the human Wa (G 1) isolate, which has a different G serotype, than it does with the human St 3 (81.3 %) strain which has the same serotype. It is possible that the cell-mediated arm of the immune response is acting as the selective force for fixing mutational changes, as has been shown to be the case in other virus systems (Phillips et al., 1991) . However, studies carried out on the antigen specificity of the cytotoxic T cell (CTL) response against rotaviruses have shown that VP5 does not appear to be an important target for CTL activity (Offit et al., 1994) . One hypothesis that was tenable from comparison of the first three gene 5 sequences to be determined, the bovine RF and UKtc strains (Bremont et al., 1987; Y. Tian & M. A. McCrae, unpublished observations) and the simian SA11 isolate (Mitchell & Both, 1990) was that the selective force might be provided through the need for VP5 to interact with species-specific cellular proteins to achieve efficient virus replication. In part the choice of isolates from which to sequence gene 5 in the current study was made with the objective of testing this hypothesis. The conclusion that can be reached from the enlarged dataset is that whilst such interactions may well be important to the function of VP5, they do not appear to provide the major selective force for divergence since variation within isolates from the same species (for example SA11 and RRV) can be greater than in those from different species (OSU versus St 3). Recently studies investigating the viral gene(s) responsible for controlling virulence of rotaviruses in a mouse model using virus reassortants have found that the only viral gene that could be correlated with pathogenic phenotype was gene 5 (Broome et al., 1993) . Unfortunately the relative virulence characteristics of the virus isolates used in the current study have not been assessed in this model of viral pathogenesis, although clearly selection of virulence phenotype could possibly provide the selective force necessary to account for the high level of sequence divergence observed. This is an area where further work with viruses of defined pathogenic phenotype is certainly merited.
Despite the high levels of divergence observed some features were conserved. Thus the first postulated metalbinding motif noted by Bremont et al. (1987) is conserved across all of the isolates sequenced. Indeed the region in which it lies, namely amino acids 39 to 83, showed 59 % sequence identity and contained no less than 26 or 29.5 % of the 88 absolutely conserved residues, implying a functional importance for this region. Furthermore in a non-defective rotavirus variant with a deletion in gene 5 that also introduced a frameshift into the gene, the onethird length amino-terminal fragment of VP5 that would be produced included this conserved motif (Tian et al., 1993) . This observation indicated that only the aminoterminal third of the protein is required for virus replication in vitro and strengthened the suggestion that Fig. 4 . Conservation of predicted secondary structure across VP5. A secondary structure prediction for each of the VP5 sequences was obtained using the PredictProtein mail server operated by EMBL. This server uses the algorithms of Rost and coworkers (Rost & Sander, 1993; Rost et al., 1994) . The prediction files were then multiply aligned using the Pileup program of the GCG sequence analysis package. E indicates positions predicted to have flosheet structure, H denotes positions predicted as being in an a-helix and L denotes positions predicted to be in loops. Positions at which no prediction with an acceptable level of confidence could be made are indicated by '-' and gaps introduced to optimize the alignment by a '. '. the cysteine-rich conserved motif may be functionally important (Tian et al., 1993) . The confirmation that VP5 exhibits both zinc-and RNA-binding capacity (Brottier et al., 1992) has provided further evidence for a functional role for this region of the protein but the exact molecular mechanism of its role in virus replication still remains to be determined. Recent work using deletion mutants of gene 5 has shown that the RNA-binding domain of VP5 is encompassed within the first 81 amino acids of the protein and that the cysteine-rich motif is essential for RNA-binding activity (Hua et al., 1994) . This latter study also mapped the region of the protein determining the subcellular localization of the protein to cytoskeletal matrix of the cytosol as lying between amino acids 84 and 176 (Hua & Patton, 1994; Hua et al., 1994) .
An interesting observation that has emerged from the analysis carried out in this study concerns conservation of predicted secondary structure. This showed a much higher level of conservation than was evident at the primary structure level. The implication of this is that although the primary sequence is free to diverge to a considerable degree, underlying the variation is a selective pressure to maintain the higher-order structure of the protein, consistent with it having an important role in the replicative cycle of the virus.
The large dataset of gene 5 sequences used in the present study has defined the regions of conservation and divergence within this rotavirus gene. It will require more extensive mutagenesis studies to confirm and dissect the functional importance and role of the various regions identified. Studies of this type are already underway in this and other laboratories. This work was supported by grants from the AFRC and MRC. Y.T. was in receipt of a fellowship from the Henry Lester Trust during part of this work.
